Pseudomonas aeruginosa is the most important bacterial pathogen associated with chronic airway infection, especially in cystic fibrosis. We addressed the question of whether the galactophilic internal lectin of P. aeruginosa (PA-I) could represent a virulence factor for the respiratory epithelium. PA-I lectin was localized in all the bacteria of P. aeruginosa ATCC 33347 as determined by immunofluorescence staining. We investigated the dose-dependent effect of P. aeruginosa PA-I lectin on the growth, the ciliary beating frequency, and the morphology of human respiratory cells in primary culture of nasal polyps collected from non-cystic fibrosis patients. PA-I lectin significantly (P < 0.01) inhibited the growth of respiratory cells at a concentration of .10 ,ug/ml. The percentage of active ciliated cell surface of the cultures decreased significantly (P < 0.05) at a PA-I lectin concentration of 50 ,ug/ml. Exposed to a low concentration of PA-I lectin (10 ,ug/ml), respiratory epithelial cells showed intracytoplasmic vacuoles when examined by light and transmission electron microscopy. At a higher concentration of PA-I lectin (100 ,ug/ml), major cell damage and severe epithelial shedding occurred. These results demonstrate that the P. aeruginosa internal PA-I lectin has a dose-dependent cytotoxic effect on respiratory epithelial cells in vitro. The P. aeruginosa PA-I lectin may represent a virulence factor by contributing to the respiratory epithelial damage during P. aeruginosa respiratory infections.
Pseudomonas aeruginosa is the most important bacterial pathogen associated with chronic airway infection and the major mortality determinant in patients with cystic fibrosis (13, 21, 23) . The roles of phospholipase C (29) , proteases (5, 8, 16) , rhamnolipids (24) , phenazine pigments (30, 32) , alginate (20) , and pili (33) as pulmonary virulence factors have already been established. These factors are believed to induce respiratory epithelial injury and/or facilitate the adherence of P. aeruginosa to the epithelial surface. It is likely that other factors are implicated in P. aeruginosa virulence. For many gram-negative bacteria, lectin-carbohydrate interactions are involved in microbial pathogenicity, especially by enhancing bacterial adherence to epithelial cells (4, 25) . P. aeruginosa produces various lectins (11) . The first P. aeruginosa internal lectin described and purified was PA-I lectin, which is a galactophilic lectin (9) whose amino acid sequence has recently been established (3) . By sequential fractionation of P. aeruginosa membranes, PA-I lectin was found mainly in the cytoplasm but was also present in the cytoplasmic and outer membranes and in the periplasmic space (15) . The release of the internal lectins is achieved by disruption of the bacterial cells (10, 26) . PA-I lectin exhibits many biological properties (11) . It has been demonstrated that purified PA-I lectin is able to induce cytotoxic and cytostatic activities in Lewis lung carcinoma cells (2) . Plotkowski et al. (22) have suggested that internal lectins could play a role in the adherence of the bacteria to the respiratory epithelium. However, the role of these proteins as virulence factors during P. aeruginosa infections has never been investigated. The aim of this study was to determine whether PA-I is cytotoxic for the respiratory epithelial cells and whether it could therefore contribute to the degradation of the respiratory epithelium during P. aeruginosa infections. Using human respiratory epithelial cell cultures, we studied the dose-dependent effects of the internal PA-I lectin on the growth, the ciliary beating, and the morphology of respiratory epithelial cells.
MATERIALS AND METHODS
PA-I lectin. The PA-I lectin from P. aeruginosa (Sigma Chemical Co., St. Louis, Mo.) was purified as described by Gilboa-Garber (10) . The purity of PA-I lectin was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and silver staining. Because a bacterial cytoplasmic protein such as PA-I lectin may be contaminated by bacterial endotoxin, lipopolysaccharide (LPS) in the purified PA-I lectin was quantified by the kinetic chromogenic Limulus amebocyte lysate test (Biowhittaker, France).
PA-I antibody preparation and immunosorbent column. A polyclonal antibody specific for PA-I lectin, purified by preparative electrophoresis, was raised in rabbits as follows. The PA-I lectin was run in a 15% polyacrylamide gel. After electrophoresis, the protein band corresponding to the PA-I lectin molecular mass (13.5 kDa) was cut out of the gel, minced, mixed with Freund's complete adjuvant, and injected subcutaneously into rabbits (500 ,ug per animal). Two booster injections of 500 ,ug each in Freund's incomplete adjuvant were given 6 and 8 weeks later. The immunoglobulin G (IgG) fraction was purified from serum by protein A-Sepharose affinity chromatography (Pharmacia, France). manufacturer's instructions. PA-I was selectively removed from the PA-I preparation by using this immunosorbent column. Products excluded from the anti-PA-I immunosorbent column were further studied to determine the specificity of PA-I biological activity on respiratory epithelial cells. Localization of PA-I by immunofluorescence staining. The presence of PA-I lectin in P. aeruginosa was detected by immunofluorescence staining. P. aeruginosa ATCC 33347 was cryofixed in the presence of OCT compound (Miles). Cryosections of bacteria were incubated for 1 h at room temperature with the anti-PA-I antibody at a final concentration of 10 ,ug/ml in phosphate-buffered saline (PBS). Sections were then incubated for 1 h at room temperature with biotinylated anti-rabbit antibody (1:50) (Amersham, France). Bound antibody was detected by using fluorescein isothiocyanate-conjugated streptavidine (1:50) (Amersham). The specificity of PA-I immunolabelling was controlled for by replacing the primary antibody with rabbit nonimmune IgG fraction.
Respiratory epithelial cells. Respiratory epithelial cells were cultured by the method of Chevillard et al. (6) . Small tissue explants (2 mm2) were excised from nasal polyps (n = 9) obtained from nonallergic, non-cystic fibrosis patients undergoing nasal polypectomy due to nasal obstruction. The explants were seeded onto a collagen I matrix and cultured in a defined RPMI 1640 medium (Seromed, France) supplemented with hormones and growth factors (6) . After 3 days of culture at 37°C, the explants were surrounded by an outgrowth in which differentiated cells (ciliated and nonciliated cells) as well as cells in the process of differentiation at the periphery of the outgrowth could be identified.
Growth of respiratory epithelial cells. The influence of PA-I lectin on the growth of respiratory epithelial cells in culture was evaluated by measuring the outgrowth area in the presence of different PA-I lectin concentrations (0, 10, 50, and 100 ,ug/ml) for a 24-h period. Culture dishes were placed on a heated stage of an inverted phase-contrast microscope. Video recordings of the outgrowth areas were made prior to the exposure and after 5 and 24 h of contact with the various PA-I lectin concentrations. These three recordings were done for each outgrowth and allowed calculation of a linear regression between the measured surface of the outgrowth and the incubation time. The slope of the regression line represented the growth index of the cell cultures for each PA-I lectin concentration.
Functional activity of ciliated cells. The effect of PA-I lectin on the functional activity of ciliated cells present in the outgrowth was assessed in two ways. First, before and after a 24-h incubation with PA-I lectin (0, 10, and 50 ,ug/ml), the percentage of active ciliated cells still present in the outgrowth was calculated by a video technique (36) . Successive video images of the same culture field were subtracted two by two, and the resulting images were added together. With the final image, a filtering and thresholding process allowed determination of the area of the culture where ciliated cells were present. Second, the ciliary beating frequency (CBF) of ciliated cells in the outgrowth was measured by the video-microscopic method previously described (35), after 5-and 24-h incubations with PA-I lectin at 5 and 10 ,ug/ml, and compared with the CBF values measured prior to the PA-I addition.
Light and transmission electron microscopy. Respiratory epithelial cells incubated for 24 h with PA-I lectin at 10, 50, and 100 ,ug/ml and control cultures (without PA-I lectin) were fixed in 2.5% glutaraldehyde in PBS, postfixed in 1% OS04, dehydrated through graded concentrations of ethanol, and embedded in agar resin 100 (Agar Scientific Essex, United Kingdom).
Thin sections were stained with toluidine blue and observed with an Axiophot light microscope (Zeiss, Germany). For each PA-I concentration used, 100 cells of the outgrowth and 100 cells of the explant were observed for the presence of intracytoplasmic vacuoles and epithelial shedding. Ultrathin sections were mounted on copper grids, stained with uranyl acetate and lead citrate, and observed with a Hitachi transmission electron microscope operating at 75 kV. (Fig. 1, lane 1) . Nevertheless, LPS was identified in the PA-I preparation, at a low concentration of 0.07 ,ug of LPS per mg of PA-I lectin.
PA-I lectin was further separated from potential contaminants, including endotoxin, by using an anti-PA-I immunosorbent column. In the products excluded from the column, no PA-I lectin was identified (Fig. 1, lane 2) . We controlled that after treatment of the column with electrophoresis sample buffer, PA-I lectin could be recovered from the immunosorbent column (Fig. 1, lane 3) .
PA-I localization. The specificity of the rabbit antibody raised against the PA-I lectin was confirmed by Western blotting of a concentrated protein extract of P. aeruginosa. The anti PA-I polyclonal antibody recognizes the same 13.5-kDa protein band in the purified preparation of PA-I lectin (Fig. 2 , lane 1) and in the protein extract of P. aeruginosa (Fig. 2, lane  2) . All the bacteria were positively labelled with the PA-I lectin (Fig. 3) . After incubation of cryosections with rabbit nonimmune IgG instead of anti-PA-I rabbit antibody, no immunofluorescent signal could be detected (data not shown).
PA-I biological activity on respiratory epithelial cells. When human respiratory epithelial cells were cultured in the presence of PA-I lectin, the cell growth index decreased as a function of increasing dose of PA-I lectin added to the culture medium. Concentrations of PA-I lectin of 10 and 50 ,ug/ml induced a significant decrease (P < 0.01) of the growth index (Fig. 4 ), whereas at a higher concentration of PA-I lectin (100 ,ug/ml) epithelial shedding occurred after a 5-h incubation.
PA-I lectin concentrations lower than 10 ,ug/ml did not induce any effect on the percentage of active ciliated cells or on the CBF (Fig. 5) . PA-I lectin concentrations higher than 50 ,ug/ml nor potential PA-I contaminants excluded from an anti-PA-I immunosorbent column had an effect on the growth index of respiratory epithelial cells compared with that of the control cultures. Moreover, LPS (0.01 and 0.1 ,ug/ml) had no effect on the percentage of active ciliated cells (data not shown). (Fig.  6A) . At this PA-I lectin concentration, some cells at the periphery of the outgrowth in the process of differentiation were detached from the collagen matrix (data not shown). At a PA-I lectin concentration of 100 ,ug/ml, most of the cells of the tissue explant and of the outgrowth area were exfoliated and contained large and numerous vacuoles within an increased cytoplasmic volume (Fig. 6C) . Clusters of basal cells were still attached to the collagen matrix in some local areas (Fig. 6C) . Respiratory epithelial cells exposed to LPS at 0.01 ,ug/ml (Fig. 6D) , to LPS at 0.1 ,ug/ml (Fig. 6E) , and to potential PA-I contaminants excluded from an anti-PA-I immunosorbent column (Fig. 6F) did not induce any change in their morphological aspect, in particular in their vacuolization or epithelial shedding.
Electron microscopic observation confirmed the presence of numerous large intracytoplasmic vacuoles as soon as cells were exposed to a PA-I concentration of 10 ,ug/ml (Fig. 7B ) compared with the control cultures (Fig. 7A) . At a PA-I concentration of 100 ,ug/ml, none of the detached respiratory epithelial cells were ciliated (Fig. 7C ), but in some of these cells, internalized cilia could be observed (data not shown). DISCUSSION P. aenrginosa synthesizes numerous products which can facilitate the persistence of the bacteria in the respiratory tract (7) . Mucociliary clearance is an important mechanism protecting the respiratory tract against infection. Decreased clearance presumably favors the bacterial colonization of respiratory mucosal surfaces, predisposing the lung to infections. Some P. aeruginosa products have been shown to inhibit ciliary beating in vitro (31) . Rhamnolipids (24) , proteases (17, 18) , and phenazine derivatives (19, 32) are ciliostatic factors released by P. aeruginosa which could favor the bacterial colonization of the respiratory tract by reducing the mucociliary clearance. In order to investigate whether PA-I lectin, one of the P. aeruginosa lectins, can modify normal ciliary function, we studied the effects of this lectin on the CBF of human respiratory cells in culture. Although no cilio-inhibitory effect could be demonstrated at any PA-I lectin concentration used, a significant decrease in the percentage of the active ciliated cell surface was observed at a PA-I lectin concentration of 50 ,ug/ml. Our results suggest that PA-I lectin has no toxic effect on cilia at concentrations of -10 ,ug/ml but can interfere with the normal ciliary function at higher concentrations by toxicity for epithelial cells, by ciliostatic action, or by causing loss of cilia. In addition to being able to inhibit the mucociliary activity, some P. aeruginosa products have been shown to induce mucus hypersecretion. P. aeruginosa cell culture filtrates substantially increase the secretion of mucins in explants of guinea pig tracheas and human tracheal tissue (1) . The proteases and the rhamnolipids produced by P. aeruginosa increase the release of radiolabelled and periodic acid-Schiff stain-reactive glycoconjugates in the airway secretions into the trachea of anesthetized cats and from human bronchial mucosa (27, 28) without causing epithelial damage. After exposing the human respiratory cells to PA-I lectin (10 ,ug/ml) for 24 h, we were not able to observe changes in mucus secretion by histological staining (periodic acid-Schiff stain-Alcian blue) (data not shown), but intracytoplasmic vacuoles appeared as a function of the PA-I lectin concentration, leading to epithelial shedding at high PA-I lectin concentrations. Epithelial shedding occurred at lower PA-I lectin concentrations in the cells at the periphery of the outgrowth. These cells, which display lamellipodia and long filopodia, characteristics of migratory cells (34) , are involved in the processes of epithelium differentiation and repair following injury. It has been demonstrated previously (14) that P. aenuginosa adherence to migratory epithelial cells in culture was significantly greater than that to nonmigratory cells. We observed that these migratory cells were more sensitive to PA-I lectin than the other respiratory cells. As PA-I lectin has a deleterious effect on these cells, we can hypothesize that in vivo PA-I could prevent epithelium repair after injury during P. aeruginosa infections.
As PA-I lectin was found to be slightly contaminated by LPS, we verified that the effects on human respiratory epithelial cells which were observed could be attributed exclusively to PA-I lectin activity. In our study, the LPS concentrations at which PA-I lectin was found to be slightly contaminated exhibited no effect on either the growth, the morphology, or the ciliary activity of human respiratory epithelial cells in culture.
Severe epithelial damage and significant growth inhibition observed for human respiratory epithelial cells in vitro at a PA-I lectin concentration higher than 10 gug/ml suggest that in vivo PA-I lectin could also be highly cytotoxic for the human respiratory repairing epithelium. PA-I lectin exhibited cytotoxic and cytostatic activities against Lewis lung carcinoma cells (2) which can be inhibited by the addition of methyl-a-Dgalactoside to the culture medium. After being exposed to the PA-I lectin, human erythrocytes were found to become significantly more fragile in hypotonic solutions (12) . The mechanism of the PA-I lectin effect could be interaction of the lectin with galactose residues present on glycoconjugates of cellular membranes or inhibition of membrane enzymatic systems, leading to alteration of the membrane architecture. The questions that remain to be elucidated concern the mechanism of release of PA-I lectin and the range of PA-I lectin concentrations within the respiratory tract. The most reasonable hypothesis is that during acute P. aeruginosa infections, disruption of bacteria due to local host defense mechanisms could occur, thus leading to PA-I lectin release. Another possibility is that PA-I lectin could be secreted by P. aeruginosa. We have observed that PA-I lectin was present in P. aeruginosa culture medium at concentrations higher than 20 ,ug/ml for a bacterial inoculum of 109 bacteria per ml, and by using immunological methods, we were able to detect PA-I lectin in infected sputum of cystic fibrosis patients (personal data).
By immunofluorescence, we demonstrated that PA-I lectin was present in the bacteria. The precise PA-I lectin localization within the bacteria is being investigated in ultrastructural studies, but at the present time we cannot exclude that PA-I lectin is present on the outer membrane of P. aeruginosa.
It appears from this study that PA-I lectin has a dosedependent cytotoxic effect on human respiratory cells in vitro. PA-I lectin may therefore represent a virulence factor which can cause severe respiratory epithelial injury, contributing to respiratory epithelial damage, preventing epithelium repair, and facilitating bacterial persistence during P. aeruginosa respiratory infections.
